Applications of copper nanoparticles (NPs) are restricted due to their proneness to oxidation by ambient oxygen if not properly protected. Here we discuss the optical properties and application potential of copper NPs covered by a thin oxide layer. Considering Cu@Cu 2 O core-shell type structures with different core size and shell thicknesses, linear optical properties of surface-oxidized copper NPs have been studied theoretically. Contrary to common perception, it has been demonstrated that surface-oxidized copper NPs have certain advantages for plasmonic applications. While the position of the surface plasmon resonance (SPR) can be fine-tuned by varying the thickness of the oxide layer, their plasmonic response can be enhanced (SPR intensity gain up to 30%) by adjusting the thickness of the oxide layer.
INTRODUCTION
Metal nanoparticles (NPs) have been extensively studied in recent years due to their wide range of potential applications [1] [2] [3] [4] [5] [6] . For instance, they can be used for cancer treatments [7, 8] , catalysis [9, 10] , photo-heat conversion [11] , surfaceenhanced Raman scattering [12] , second harmonic generation [13] and biological or chemical sensing [14] . Moreover, the significant increase in the local electric field produced by the surface plasmon resonance (SPR) [15] is useful for several linear [16] and nonlinear [17] [18] [19] optical processes. Copper is an important metal because of its high electrical and thermal conductivities [20, 21] . However, for applications in plasmonics, it has lagged behind gold and silver, which are usually the preferred materials for this task, due to their intense SPR and the chemical stability of the former [22] [23] [24] [25] . Regarding the latter factor, it is well known that the surface of copper NPs gets oxidized when they are exposed to air, resulting in a core-shell structure [26, 27] .
On the other hand, cuprous oxide (Cu 2 O), the most abundant copper oxide, is a p-type semiconductor with a direct bandgap of 2:0 eV [28] , frequently used for solar energy conversion, electronics, magnetic storage, and gas sensing [21] . Moreover, while the surface oxidation of copper is often seen as something negative [29] [30] [31] , the oxide layer stabilizes the NP, making it more durable, and, as will be demonstrated in this work, there are at least two additional advantages of this effect: (i) the position of the SPR can be tuned by varying the thickness of the oxide layer and (ii) for certain values of the thickness of the oxide layer, the SPR intensity increases (rather than decreases, as one would expect) with respect to the Cu-only configuration, making these structures more attractive for plasmonic applications.
In this paper, we have used classical Mie calculations [32-34] to study Cu@Cu 2 O core-shell NPs. The bulk values of Cu dielectric functions reported by Johnson and Christy [35] were used to calculate their optical responses after applying the usual size correction [36, 37] . The bulk optical properties of cuprous oxide [38] were used without modification. It has been observed that core-shell configurations with a ratio between the thickness of the oxide shell and the total radius of the NP around 0.2 are particularly advantageous, as the SPR intensity can be increased considerably. These metalsemiconductor structures could be used as excellent replacements for Au and Ag structures in some plasmonic applications.
PROCEDURE
In the present article, we study the linear optical response of metal-semiconductor (Cu@Cu 2 O) structures with geometries as shown in Fig. 1 . The analytical solution for light scattering by a multilayered sphere can be found by expressing the electromagnetic field inside each layer of the sphere as a linear combination of the inward-and outward-traveling waves. Each layer is characterized by a size parameter x l 2πn m r l =λ kr l and a relative refractive index m l n l =n m , l 1; 2; …; L, where λ is the wavelength of the incident wave in vacuum, r l is the outer radius of the lth layer, k is the propagation constant, and n m and n l are the refractive index of the medium outside the particle and its lth component, respectively. Then, for an L-layered sphere, there are 2L unknown field coefficients. The scattering coefficients can be calculated by matching the tangential components of the electromagnetic fields at each interface and solving the obtained linear system of 2L independent equations [34, 39] .
The extinction efficiencies for the different configurations were calculated by means of ScattNLay [34] , a computer implementation of the algorithm developed by Yang [39] for the calculation of the scattering of electromagnetic radiation by a multilayered sphere. The calculations were performed for both small (total radius, R t , of 10 nm) and big (50 nm) particles. In order to study the largest possible number of cases, we kept R t constant and varied t Cu 2 O =R t between 0.0 and 1.0. It is noteworthy that these configurations are not only of theoretical interest, but are attainable experimentally. For example, Cu@Cu 2 O core-shell structures with core radii of 4-5 nm and shell thicknesses of 2-5 nm are stable, and, in fact, they have been synthesized already [10] .
Finally, the electric field in a particle with a spherical core of radius R Cu and a spherical shell of radius R Cu 2 O in a suspending medium was modeled using the quasi-static approximation [36, 40] . When the incident field is polarized in the direction of the X axis, the local electric fields in each region of the core-shell structures can be derived from Laplace's equation with the appropriate boundary conditions [40] :
where
where P is the ratio of the shell volume to the total particle volume and ε Cu , ε Cu 2 O and ε m are the dielectric functions of copper, cuprous oxide, and the embedding medium, respectively.
RESULTS AND DISCUSSION
In Fig. 2 we can see that by increasing the thickness of the oxide layer two different effects occur. On the one hand, the SPR redshifts, and on the other hand, the plasmon becomes more intense (with a maximum gain of 25%) until the ratio between the thickness of the oxide shell and the total radius of the NP reaches 0.2. From this point onward, the intensity of the SPR decreases. A similar behavior (maximum gain of 30%) is also exhibited by the larger structures (Fig. 3) , demonstrating that the effects of the oxide shell are relatively independent of the size of the particle (i.e., the phase retardation effects present in the bigger particles only play a relatively minor paper in the observed SPR variations). The described redshift can be rationalized by considering the SPR of the whole system as a homogeneous electron gas oscillating over a fixed positive background, with the induced surface charges providing the restoring force. When the semiconductor layer is added to the metallic NP, it polarizes in response to the resulting field, effectively reducing the strength of the surface charge, leading to a decreased restoring force, and, consequently, lowering the SPR energy; this effect is stronger for larger Cu 2 O layers. It should be mentioned that there are other ways to shift the Cu SPR outside the region of interband transitions [37, 41, 42] ; however, the Cu 2 O layer has the added advantage of simultaneously protecting the particle. Now, concerning the initial increase and subsequent decrease in the intensity of the plasmon, the effect can be understood by considering two different phenomena: the screening produced by the semiconductor layer, which tends to reduce the intensity of the SPR, and the shift of the SPR peak outside the region of interband transitions (wavelengths below 580 nm [37] ), which makes the plasmon more intense. In other words, the SPR peak in a Cu-only NP is located inside the region of interband transitions of copper and consequently suffers a strong damping due to its interaction with the absorption background, resulting in a decrease of intensity. When the position of the SPR is shifted outside this region, the damping disappears and the peak gets more intense. Considering these two effects together, the initial gain in SPR intensity is due to the reduction of the damping but afterward, on increasing t Cu 2 O , the screening produced by the oxide layer becomes more important and the overall SPR intensity falls. It is worth noting that, in a recent independent study, Rice et al. [27] have found the same trends that we obtained theoretically. However, they assumed that the redshift and gain in intensity of the SPR were simply produced by an increase of the solvent's dielectric function due to the presence of π bonds, overlooking the effect of the oxide layer.
Another important factor that we must consider is the intensity of the local electric field because, as we mentioned earlier, it is essential for many applications of metal NPs. In order to visualize how the presence of the Cu 2 O shell affects the local electric field, the local field distributions at the resonance wavelength for the small (R t 10 nm) metal particle and the optimal core-shell structure (i.e., the one with the more intense SPR) are presented in Fig. 4 . As can be seen, the internal electric fields of the configurations are quite different, being about 1.5 times more intense for the NP with the oxide shell. However, the electric field is hardly affected outside the particles; its intensity at the surroundings of both structures is roughly four times more intense than that of the incident field. These results indicate that the core-shell structures enhance the local electric field as much as their metal-only counterparts; i.e., the former can be used for the same applications as the latter.
We have also studied the effects of the surrounding medium on the extinction spectra of the Cu and Cu@Cu 2 O structures (Fig. 5) . The calculations were performed for a Cu NP with a radius of 50 nm and for the core-shell configuration with the highest SPR (R Cu 42 nm and t Cu 2 O 8 nm). In both cases, the SPR redshifts upon increasing the refractive index of the suspending medium. However, the observed sensitivity (Δλ SPR =Δn m ), expressed in nanometers per refractive index units (RIUs), is not linear, and two different regimes of variation can be distinguished. For n m < 1:5 (i.e., for most liquids) the solid Cu NP exhibits a lower sensitivity (86:3 nm=RIU) than the Cu@Cu 2 O structure (100:3 nm=RIU), while for greater values of n m the tendency is reversed, obtaining values of 231:1 nm=RIU and 185:1 nm=RIU for Cu and Cu@Cu 2 O, respectively. The obtained results indicate that for most practical cases, it would be more convenient to use the Cu@Cu 2 O structures for optical sensing applications instead of the solid Cu spheres. However, sensitivity is not the only factor to consider when evaluating the merits of a certain structure for sensing applications, because the peak width and intensity also affect the ability to detect variations in the SPR position. Then, a more realistic comparison requires the use of a figure of merit (FOM) [43, 44] Finally, a note of warning is in place here. Cuprous oxide has an excitonic peak located at ∼720 nm [27] , which cannot be reproduced by the employed calculation algorithm. This means that for the thicker Cu 2 O shells the plasmonic and excitonic peaks can be degenerate in energy and, in principle, some plasmon-exciton coupling can occur [45] . Though the contribution of these peaks on the optical spectra of Cu@Cu 2 O structures cannot be ruled out, it is unlikely to be significant as both peaks are very weak.
CONCLUSIONS
The linear optical responses of surface-oxidized Cu NPs have been studied in this work using classical Mie theory, considering their Cu@Cu 2 O core-shell type configurations. It has been demonstrated that, contrary to common perception, the surface-oxidized particles might have some advantages for plasmonic applications. First, the position of the SPR can be fine-tuned by varying the thickness of the oxide layer, and, second, it is possible to obtain an enhanced plasmonic response in the oxidized NPs (SPR intensity gains in the order of 25%-30%) for certain values of oxide layer thickness. Although the electric fields inside these two types of NPs are quite different, they are almost indistinguishable outside, in the suspending medium. Finally, our calculations also suggest that the Cu@Cu 2 O-type structures are better suited for sensing applications than the pure Cu NPs. 
